validated the high throughput genotyping of SNP in bread wheat using Illumina (Illumina Inc.) GoldenGate assay. Cavanagh et al. (2013) reported a consensus map based on data from seven mapping populations. In their study, a total of 7160 SNPs were mapped with 332 SNPs localized onto two positions. A set of 3469 and 3425 SNPs were mapped onto the A and B genomes, respectively, while the D genome only had 620 SNPs (Cavanagh et al., 2013) . Later, a set of 9K SNP iSelect assay, 1351 diversity array technology (DArT) markers (Akbari et al., 2006) , 118 SSR, and more than 400,000 GBS markers were validated by Saintenac et al. (2013) . They mapped 2740 gene-associated SNPs onto the reconstructed SynOpDH population that had 1468 SSR and DArT markers by Sorrells et al. (2011) . Through a study on the D genome using a 10K Infinium iSelect SNP array, more than 7000 SNPs were mapped using an Aegilops tauschii Coss. F 2 population from AL8/78  AS75 (Luo et al., 2013) .
Using the available public expressed sequence tag and next-generation sequences of new complementary DNA libraries, Allen et al. (2011) identified new SNPs and converted to Komptitive allele-specific polymerase chain reaction (KASP). They mapped 480 SNPs onto a mapping population derived from 'Avalon'  'Cadenza'.
The continuous progress in high throughput genomic technologies has resulted in numerous sequencing platforms for wheat. More and more wheat genome sequences have been developed, and SNPs have been identified (Wilkinson et al., 2012 ; http://www.cerealsdb.uk.net/ cerealgenomics/CerealsDB/indexNEW.php, accessed 20 Nov. 2014). The recent wheat 90K SNP iSelect assay developed by Illumina is a very useful genetic resource for tagging agronomically important traits. Wang et al. (2014) mapped 40,267 (hereafter, 40K) SNPs out of the 91,829 (90K) SNPs and constructed consensus maps using eight biparental mapping populations. Here we present the three diverse genetic mapping populations screened with 90K iSelect SNP array to validate the chromosomal locations for those mapped SNPs. Newly mapped SNPs beyond those mapped 40K SNPs were presented. The applications of saturated SNP wheat maps were also discussed. (Lazar et al., 2004; . Both of them were reported to have drought tolerance but with different mechanisms Reddy et al., 2014) . TAM 112 has the 1AL.1RS rye translocation, wheat curl mite resistance, and Gb3 for greenbug resistance gene (Dhakal, 2014; Liu et al., 2014; Rudd et al., 2014; Reddy et al., 2013) .
MATERIALS AND METHODS

Plant Materials
The germplasm line CO 960293-2 (PI 615160, PI 222668/ TAM 107//(Novi Sad 14/Novi Sad 603//Newton/3/Probrand 835, CO850034) has Wsm2 gene resistant to wheat streak mosaic virus (Haley et al., 2002; Lu et al., 2011 Lu et al., , 2012 . A set of 152 randomly selected RILs out of 217 F7 RILs derived from the cross CO960293-2/TAM 111 (CT) was genotyped. The third population with 180 RILs was developed from Halberd/Len (HL). Halberd (Scimitar/KenyaC6042//Bobin/3/Insignia49) is an Australian spring cultivar, developed at Roseworthy Agricultural College in 1969 (Paull et al., 1998) . It has durable rust resistance, drought tolerance, and ability to maintain carbohydrate accumulation during moisture stress. Hard red spring cultivar Len (ND499/3/Justin/RL4205//Wisc261), was developed by North Dakota State University in 1979 (http://www.ag.ndsu.nodak. edu/aginfo/seedstock/varieties/VE-HRSW.htm, accessed 1 Dec. 2014). It is moderately drought and heat susceptible.
DNA Extraction and Marker Analyses
Five to ten leaves of 10-d-old seedlings were collected from individual lines of each population. DNA was extracted following the Cetyl trimethylammonium bromide (CTAB) protocol with minor modifications . One microliter of extracted DNA was run on 1% agarose I gel (Ameresco) along with standard lambda DNA to estimate the quality and concentration. The DNA samples were diluted to 20 ng mL -1 and a 50 mL of diluted DNA per sample was used for genotyping at USDA-ARS Genotyping Lab in Fargo, ND. The Infinium 90K SNP iSelect platform was used for genotyping using BeadStation and iScan according to the manufacturer's protocol from Illumina.
Single Nucleotide Polymorphism Calling and Linkage Map Construction
The output files from the hybridization were analyzed using GenomeStudio v2011.1 (Illumina Inc.). Four replicates of the parental DNA for each mapping population were included in the DNA plates for hybridization. First, all SNP genotypes were called among a total of 480 lines including parents from all three populations to eliminate monomorphic SNPs and SNPs with low quality across the three mapping populations. The SNPs that showed polymorphism to at least one population were retained. Second, clusters of each polymorphic SNP were adjusted based on the parental SNP calling scores. Clusters of each SNP in individual population were confirmed with manual curation and six types of polymorphism were grouped (Table 1) . Only those SNPs validated from at least three out of four duplicated sets of parents for each population were retained for further analyses. The output SNP calling scores were converted to linkage mapping scores by assigning the scores of female parents as "A" and those of male parents as "B" for each individual population regardless of their polymorphic type. "Not called (NC)" was assigned as missing data. In addition, SNPs with more than 20% missing data and the A/B ratios outside of the range of 0.25 to 4.0 were excluded for genetic map construction.
Linkage maps were constructed using JoinMap 4.0 (Van Ooijen, 2006) based on the regression mapping algorithm and an independence logarithm of odds (LOD) scores ranged from 3.0 to 30. Genetic distance of Kosambi function (Kosambi, 1944) was used. The LOD threshold values for each linkage
Single Nucleotide Polymorphisms Mapped in Three Populations
A total of 5950, 4861, and 8376 SNPs were located onto chromosomes of CT, TT, and HL mapping populations covering 1608, 4252, and 4828 cM of chromosome genetic length, respectively (Table 2; Fig. 1 ). The identical SNPs with 100% similarity of genotyping scores were excluded for genetic map construction. The chromosomal locations of those identical SNPs were determined based on their cosegregated SNPs from the same population or themselves from another mapped population (Supplemental Data S1, S2). About 30% SNPs used to construct the genetic maps cosegregated in CT and TT, but only 0.1% cosegregated in HL. The average centimorgan per SNP was 0.27, 0.87, and 0.58 for CT, TT, and HL, respectively. Since 40K out of 90K SNPs were mapped onto chromosomes (Wang et al., 2014) , comparing the SNP chromosomal locations of the mapped 40K SNPs with the three mapping populations in this study, more than 76% mapped SNPs across CT, TT, and HL were consistent with those mapped in the 40K SNPs for their chromosomal locations (Table 2) . A set of 3.1 to 8.4% mapped SNPs had chromosomal locations differing from those mapped 40K SNPs. These SNPs across the three populations in our study had multiple chromosomal locations combined from various populations (Table 2 ; Supplemental Data S3, S4). There were about 12.5 to group were based on the maximum number of SNPs that can be grouped, but no marker intervals were larger than 35 cM. If a linkage group had SNPs from two subgroups of different chromosomes compared with the maps from Wang et al. (2014) , the linkage group was further broken down to have a unique chromosomal location for each linkage group.
RESULTS
Types of Polymorphic Single Nucleotide Polymorphisms
Based on the types of clustering on genotyping plots, six groups of SNPs were identified in the dataset (Table 1) . Type I and type II SNPs had three clearly distinguishable clusters including two parental homozygous genotypes (AA and BB) and heterozygote (AB), while only two clusters (AA or BB and AB) were classified for the other four types. The number of SNPs ranged from 856 to 2001 for each type across three populations. On average, about 300 (3.7%) commonly mapped SNPs were consistently grouped into the same polymorphic type across all three mapping populations while 675 (8.4%) commonly mapped SNPs were grouped into different polymorphic types. In total, there were only 12.1% commonly mapped SNPs across the three populations. A set of 8819, 6936, and 8440 polymorphic SNPs from all six types were used to construct genetic maps of CT, TT, and HL mapping populations, respectively (Table 1 , 2). I  AA  BB  AB  1190  1003  856  17  43  II  BB  AA  AB  1277  1085  882  33  80  III  AA  AB  -1371  1065  1328  56  129  IV  AB  AA  -1269  910  1379  49  118  V  AB  BB  -1784  1382  2001  63  151  VI  BB  AB  -1928  1491  1994  82  154  Total  ---8819  6936  8440 300 (3.7%) 675 (8.4%) † Types of SNP polymorphisms based on the SNP calling of the female and male parents with random combinations of AA, AB, and BB. ‡ CT, CO960293-2/TAM 111; TT, TAM 112/TAM 111; HL, Halberd/Len. Different types and total number of polymorphic SNPs of the three populations were used for map construction. § The commonly mapped SNPs across three populations had the same polymorphic types. ¶ The commonly mapped SNPs across three populations had different polymorphic types. 15.2% SNPs mapped uniquely onto chromosomes and beyond the mapped 40K SNPs from Wang et al. (2014) (Table 2 ; Supplemental Data S5). The distributions of mapped SNPs across all the chromosomes showed that chromosomes 1A, 2B, 5B, 6B, 7A, and 7B had relatively higher number of SNPs while chromosome 4D and 5D had much fewer SNPs in all the three populations (Fig. 1) . In addition, chromosomes 5A and 6A in TT, and 4A and 6A in HL also had more SNPs mapped. On each chromosome, there was correspondence between the number of SNPs tagged and the genetic distance covered (Fig. 1) . Wang et al. (2014) in at least one of the three populations (Table 2 ; Fig. 2A) . A set of 336 SNPs had the same chromosomal locations across all three populations and the 40K genetic map. A unique set of 2530 (1034, 650, and 846 for CT, TT, and HL populations, respectively) SNPs had consistent chromosomal locations between the mapped 40K and two of the three populations while 9432 (2495, 1692, and 5245 for CT, TT, and HL populations, respectively) unique SNPs were located onto the same chromosome between the 40K SNPs and one of the three populations ( Fig. 2A) . Since there is one common parent, TAM 111, between CT and TT, more commonly mapped SNPs between CT and TT were observed ( Fig. 2A, 2B ).
Comparisons of Chromosomal
Single Nucleotide Polymorphisms Mapped onto Multiple Chromosomes
Among the mapped 40K SNPs, there were 1405 SNPs mapped onto more than one chromosome (Wang et al., 2014; Supplemental Data S3) . Similarly, there were SNPs mapped onto different chromosomes across the three populations from this study. A set of 473 SNPs were part of the 1405 SNPs with their multiple chromosomal locations in agreement with the 40K SNPs ( Fig. 3A ; Supplemental Data S3). Only four out of the 473 SNPs were commonly mapped across three populations and the 40K SNPs, while 89 (35 + 14 + 40) SNPs were commonly mapped across two of the three populations and 380 (176 + 55 + 149) SNPs were uniquely mapped onto The major reason for some SNPs being mapped onto multiple chromosomal locations is that some array SNP oligonucleotide probes can hybridize to the target locus and their homoeologues or paralogues (Wang et al., 2014) .
Newly Mapped Single Nucleotide Polymorphisms with Unique Chromosomal Location
A total of 2190 SNPs were newly mapped. Among them, only 30 SNPs were commonly mapped across three populations while 355 (160 + 78 + 117) SNPs were commonly mapped across two of the three populations and 1775 (521 + 455 + 799) SNPs were mapped onto individual populations (Table 2 ; Fig. 2B, 3C ; Supplemental Data S5). This also included the 30 SNPs mapped onto multiple chromosomes from two of the three populations (Fig. 3C) . When the number of newly mapped SNPs across populations and chromosomes were compared with the individual population (Fig. 3A) . Among those SNPs with chromosomal locations differing from the 40K SNPs and not part of the 1405 SNPs, their proposed chromosomal locations combined all the chromosomes from the 40K SNPs and any of the mapped chromosomal locations from this study forming a new set of 844 SNPs (Table 2 ; Fig. 3B ; Supplemental Data S4). Seven of the 844 SNPs combined the chromosomal locations from the mapped 40K SNPs and one of the three populations, and six of them were consistent with each other for the combined chromosomal locations (Supplemental Data S4). Among the 111 (65 + 23 + 23) SNPs combining chromosomal locations of the 40K SNPs and any two mapping populations, 106 SNPs had consistent multiple chromosomal locations ( Fig. 3B ; Supplemental Data S4). The rest of 726 (275 + 271 + 180) SNPs had chromosomal locations combined the 40K SNPs and the mapped locations from one of the three populations ( Fig. 3B ; Supplemental Data S4). (Wang et al., 2014) .
total number of mapped SNPs, they showed a similar trend (Fig. 1, 4) . The number of SNPs mapped onto D genome was much lower than those mapped onto A and B genomes (11.2 vs. 44.8 and 44.0%). Chromosome 5D did not have any newly mapped SNPs in TT. Among the newly mapped SNPs, CT still had six and HL had eight SNPs without determined chromosomal locations. Therefore, these newly mapped SNPs could help to determine chromosomal locations of linkage groups constructed in other populations.
Cosegregated Single Nucleotide Polymorphisms in CO 960293-2/TAM 111 and TAM 112/TAM 111
There were more than 2000 SNPs cosegregated to other markers in CT and TT (Table 2 ; Supplemental Data S1, S2). In CT, each one of the 1113 mapped SNPs cosegregated with at least one of 2606 SNPs. They were localized either on the same chromosomes as their corresponding cosegregated SNPs in CT or were mapped onto chromosomes through genetic mapping of populations other than CT. Among the 1113 SNPs, 981 (88.1%) SNPs had consistent chromosomal locations across CT, TT, HL and the 40K SNPs when compared with their corresponding cosegregated SNPs. There were 107 SNPs showing consistent chromosomal locations when multiple chromosomal locations of each SNP across populations were considered. Only 25 out of 1113 SNPs showed different chromosomal locations with their respective cosegregated SNPs, but 22 out of 25 were mapped onto homoeologous chromosomes (Supplemental Data S1). We also observed that one SNP was mapped onto 7A and 4A across populations, indicating that there might be a translocation between these two chromosomes, which is in agreement with the previous study (Wang et al., 2014) .
In TT, a total of 2074 SNPs cosegregated with 742 mapped SNPs. A set of 684 out of 742 (92.2%) SNPs had consistent chromosomal locations with their respective cosegregated SNPs (Supplemental Data S2). The additional 27 SNPs showed consistent chromosomal locations when multiple chromosomal locations of a SNP were considered. Among 31 SNPs with chromosomal locations differing from their corresponding cosegregated SNPs, 24 SNPs were mapped onto homoeologous groups. One SNP, on chromosome 7A and 4A, may indicate a translocation same as what we found in CT. When the 2606 SNPs from CT and 2074 SNPs from TT were compared, the same set of 499 SNPs were found (data not shown). These results showed that the chromosomal locations of these identical SNPs can be determined by either taking the chromosome locations of their corresponding cosegregated SNPs in the same population or their own chromosomal locations if they were mapped in other two mapping populations from this study or consensus maps from Wang et al. (2014) (Supplemental Data S1, S2).
Mapped Single Nucleotide Polymorphisms from Various Sources
From the 91,829 array SNPs, a unique set of 15,604 SNPs were mapped onto chromosomes of at least one of the three mapping populations (Table 3) . This included the 15,360 SNPs mapped uniquely in at least one of the three mapping populations and 98 SNPs from CT, plus 146 SNPs from TT mapped based on their corresponding cosegregated SNPs (Supplemental Data S1, S2). Based on the wheat germplasm and their countries of origin used to develop SNPs, 11 groups were classified (Table 3) . For all SNPs mapped across the three populations, 2714 SNPs from the confirmed 9K SNP array (Cavanagh et al., 2013) in Group 5 had the highest number and percentage over the total 91,829 SNPs (38.5%) and over the total mapped SNPs from this study (17.4%) (Table 3) . Group 4 (USA, Jagger) and Group 6 (UK) SNPs were the top two groups with the highest number (1019, 1011; 717, 947) and percentage (17.1, 17.0; 14.8, 19 .5%) across groups for CT and TT while Group 5 (USA-9K) had the highest number (1676) and percentage (20%) for HL. Overall, Group 5, 6, and 11 had much higher proportion of SNPs mapped across three mapping populations compared with their proportion in 90K SNPs (13.7 to 20 vs. 7.7%; 12.2 to 19.5 vs. 8.5%; 4.5 to 4.8 vs. 2.5%). However, Group 8 from durum (T. turgidum subsp. durum) and Group 9 from Ae. tauschii had lower percentage of SNPs mapped across the three populations compared with their percentages in 90K SNP (6.2 to 6.4 vs. 9.7%; 1.3 to 1.4 vs. 5.4%), which addressed the low polymorphism of SNPs in D genome (Poland et al., 2012; Wang et al., 2014) .
Comparisons of mapped SNPs in three genomes within each group showed that the number of SNPs mapped onto A and B genomes was much higher than those mapped onto D genome (Fig. 5) . Since SNPs in Group 9 were from A. tauschii line AL8/78, the majority of them were mapped onto the D genome as expected, 64.0 to 72.9% in three populations. Similarly, the majority of those SNPs from durum wheat in Group 8 were mapped onto the A and B genome ranging from 95.4 to 98.2% across the three populations. This scenario is consistent with the 40K SNPs mapped through the analyses of eight biparental mapping populations using 90K SNP array (Wang et al., 2014) . The three biparental mapping populations including BT-Schomburgk  AUS33384, Young  AUS33414, and W7984  Opata M85 (ITMI) had similar trends for Group 8 and Group 9. However, in the other five of the eight mapping populations, the number of SNPs from A. tauschii mapped onto genomes A, B, and D was very low and about the same number (Data not shown). Wang et al. (2014) also found that the proportion of SNPs mapped were 35% on A, 50% on B, and only 15% on D. Similarly, the percentages of SNPs mapped onto the three populations in this study were 38% on A, 50% on B and 12% on D genome.
DISCUSSION
The eight mapping populations in Wang et al. (2014) have the parental lines from Australia and Europe. The current study has five out of six parental lines from the United States. The SNP similarity and the number of mapped SNPs across all three mapping populations reflected the diversity of the parental lines. Population TT has two parents from the same breeding program of Texas A&M AgriLife Research, so it has the lowest number of SNPs mapped. Population CT has two parents from two US wheat breeding programs, while HL has two parents from two countries, so that it had relatively higher number of SNPs mapped (Table 2 ). The diversity of parents in HL and the larger number of RILs partly explained why HL has a very low percentage of identical SNPs (Table 2 ). The comparisons of chromosomal locations of SNPs mapped in this study and in Wang et al. (2014) showed that the 90K SNP can be used to construct saturated chromosome maps for genes and QTL discovery for the US wheat. Genetic maps from multiple populations screened using the same set of 90K SNPs can be used to compare tightly linked markers across traits and populations so that the major genes and QTL for agronomically important traits can be validated.
The applications of these chromosome maps to tag various genes and QTL in each of the three populations will be very promising. For HL population, QTL for wax content under drought, heat, and normal growth were mapped (D. Hays, unpublished data, 2015) . For CT, Wsm2 and QTL for yield and yield components were mapped. For TT, Gb3 and wheat curl mite resistance gene were mapped and KASP SNPs have been developed from these array SNPs for marker-assisted breeding (S.Y. Liu, unpublished data, 2015) .
CONCLUSIONS
This study validated that the wheat 90K Infinium iSelect SNPs had a high quality and was very suitable for high throughput genotyping of biparental mapping populations. Three biparental mapping populations had 15,604 unique SNPs mapped onto all of the 21 chromosomes. The SNP chromosomal locations were validated using three biparental populations compared with those 40K SNPs mapped based on eight biparental populations. More than 76.4% SNPs have consistent and unique chromosomal locations. There were only ~12% commonly mapped SNPs across the three mapping populations. A set of 2190 SNPs from this study were uniquely mapped beyond those mapped 40K SNPs. Kompetitive Allele Specific PCR SNPs for three resistance genes, Wsm2, Gb3, and wheat curl mite resistance, have been developed.
